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INTKOOUCTKH) 


Mo«t of the available aolae aeaeureaeota on large wind turbine generatora 
are for single unit operation (See Refs. 1-9). There is a need for Inforautlon 
on the noise from aultlple unit operations, especially with regard to the 
tenporal quality of the noise and the Banner In idilch It propagates as a 
function of distance. 

The data of this paper provide sone needed Inforaatlon In support of the 
developnent of criteria for the environmental noise Inpact on nearby 
residential connunlties of wind energy fan operations Involving large nuabers 
of machines. Data are provided In the near and far acoustic fields, and for a 
range of power output conditions, for aachlnes In the 50 kw range (See Fig. 1). 

This effort Is part of the Department of Energy Hind Energy Program which 
Is managed by the HASA-Lewls Research Center. The Installation described 

■*‘® owned and operated by U. S. Wlndpower Inc. . and power generated Is 
purchased Iqr the Pacific Gas and Electric Co^any. 

APPARATUS AND ICTHODS 
Description of Site 

The wind energy farm site at idilch noise measurements were made Is near 
Livermore. Ca.. (See Pig. 1). The machines are Installed In linear arrays 
along ridge lines which extend roughly In the north-south direction (See Fig. 

2). at elevations ranging from about 305 m (1000 ft) to slightly In excess of 
366 B (1200 ft). The terrain Is rolling as Indicated by the contour lines of 
Figure 2. and Is sparsely populated. Prevailing winds are south westerly. For 
all data reported herein the teq>erature varied from about 70* to 90*F. the 
mean wind speed varied from about 11 to 30 mph and the mean wind direction 
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varied from about 213* to 251*. Measurements were made at locations which 
varied In distance from 30.5 a (100 ft) to 1160 m (3800 ft) and for a range of 
elevations. The elevation-distance combinations at the sieasurlng stations are 
shown In Figure 3. All data were recorded on August 27, 28 and 29, 1982, 
between 0900 and 1900 hours. 

Description of Wind Turbines 

The U. S. Wlndpower Inc., wind turbine generator Is shown In the Inset 
photograph of Figure 1. It Is a downwind machine rated at 50 kw and operates 
In the wind velocity range of about 12-44 mph. It has a three bladed 17.6 m 
(57.7 ft) diameter rotor mounted on an 18.3 m (60 ft) high three legged tower, 
the legs of which are circular (10 cm diameter) In cross section. The tower Is 
not guyed and supports a free yawing Nacelle. Rotational speed range for 
synchronized operation Is 72 to 73.7 rpm. 

Two experimental tomr modifications designed to alleviate the low 
frequency noise associated with tower wake-blade Interactions were evaluated. 
These modifications are shown In the photographs of Figure 4. Figure 4(a) 
Illustrates the helical strakes (1.7 cm thick rope) which were applied to each 
of the three tower legs In the vicinity of the outer 20 percent of the span of 
the blades. Figure 4(b) Illustrates the approach of attaching a streaisllned 
fairing to each leg. The objective of both treatments was to beneficially 
affect the tower wake. 

Two different blade configurations are In use and attempts were made to 
obtain acoustic data for each. Standard blades have a trailing edge with a 
bluntness dimension of about .64 cm. Some blades were modified to essentially 
eliminate the bluntness along the outer 7 percent of the radius. This was done 
by filing of the low pressure side of the blade until a sharp trailing edge was 
obtained. The treated blades referred to are those with sharp trailing edges. 
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Nols0 MMi0ur0«0nt0 0nd Ob»0rv0tion» 

All nolw •ea.uw.eiit. new aede with c«rcl«lly evelUble battery 
powered Inatruaentation. One half Inch (1.27 at) dlawter condenaer 
mlcrophonea with a uaeable frequency range 3-20.000 Ha were uaed with two 
different tape recording eyateaa. One of the ayateea Included a two channel 
direct recording machine which providea a uaeful dynanic range of about 100 dB 
in the frequency range of 25 H. to 20.000 Ha. Thl. ayate. provided high 
dynaalc range recordinga needed for direct playback in aubjective liatening 
teata. The other ayatea Included an FM four channel recorder having a uaeful 
dynamic range of about 40 dB in the frequency range of 0 Ha to 15.000 Ha. For 
some recordinga the microphone aignala were C-weighted in attempts to more 
effectively utiliae the available dynamic rangea. Sound preaaure level 
meaaurementa were also taken with a preciaion aound level meter. Sound 
spectral data were obtained with the aid of conventional one-third octave band 

and narrow band analyaera. 

To .1111.1m th. d.trlMot.1 .ffMt. of vliid noloo. polyoreth.no foM 
.lerophone olnd eotoon. oer. ooed end .lerophone. oer. pUeed on the pound 

surface, where wind velocities were relatively low. 

Attempts were made to observe the far field radiation patterns and spectra 
during routine operations of multiple machines in order to define the extent to 
which the wind turbine noise is detectable above the background noise in the 
downwind direction. 


MEASUREMENT RESULTS AND DISCUSSION 

hcooetlc det. oontelnod hor.ln ont. ohMlnod Iro. ll.Mnln, oboervetlono. 
fro. pr.cl.lon .ound l.«l Mt.ro. .nd fro. fM t.po rocordlngo. D.M .r. 
pr...nc.d In th. for. of ln.t.ntM. 00 . Mund proHur. tlM hi. tori.., n«rro« 
bond .poctr., ono-thlrd oct.w h«nd fr«l«.ncy opoctr. .nd oo.r.11 A-«.l|ht.d 
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levels. In addition sone observations are sumnarlzed to indicate the 
approximate distances at which the wind turbine generator noise can be detected 
above the background noise* 


Single Machine Data 

A representative time history trace of instantaneous sound pressure for 
the standard machine is given in Figure 5 along with a shaft position Indicator 
signal. These data are for a distance of 30.5 m (100 ft) downwind of the 
machine (180“ azimuth angle) and for wind conditions near the cut-in value. 

Note that for each shaft revolution there are three blade passages. Each blade 
passage consists of three strong pressure peaks, thus suggesting that each of 
the three tower legs generates a wake which is significant in noise generation. 

Comparisons of representative noise time histories of the standard machine 
and those modified as illustrated in Figure 4 are shown in Figure 6. The rope 
strake treatment causes reductions in the peak pressure amplitude but all three 
tower leg related peaks are evident for each blade passage. The fairing 
treatment causes an additional peak amplitude reduction, plus some modification 
of the orderly peak structure. A significant feature of the time history data 
of Figure 6 is that there is variability of the peak amplitudes with time for 
all three configurations. Observed variability was greatest, however, for the 
fairing treatment. A varying wind velocity and direction is believed to cause 
a varying tower wake structure to be Ingested by the rotor. Since the fairings 
of Figure 4(b) were fixed to the legs, that configuration is believed to be 
particularly susceptible to Inflow misalignments. 

Further effects of the tower leg treatments are shown in the comparisons 
of narrow band spectral data of Figures 7 and 8 and of corresponding one-third 
octave band spectra in Figures 9 and 10 respectively. The narrow band spectra 
for a wind condition near cut-in and for relatively low power outputs are given 
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In Figure 7* Note that narrow band components can be identified within the 
frequency range starting from the fundamental blade passage frequency (3.6 H*) 
up to about 120 Hz. Such a well structured pattern of frequency co^>onents» 
which are harmonically related to the blade passage frequency, suggests that 
significant tower wake effects are present. Such wake effects may be altered 
somewhat by the addition of tower leg treatments but are still present and 
easily observed. Note that the data of Figure 7 represent rms values averaged 
over a period of 64 seconds. This long term averaging time was used in an 
attempt to compensate for observed short term variability in the recorded sound 

pressure time history signals. 

The corresponding one-third octave band data obtained using a 64 second 
averaging time, (Figure 9) are entirely consistent with the narrow band data of 
Figure 7. The data of Figures 7 and 9 suggest that the tower leg treatments 
evaluated do not provide the hoped for noise reductions over a wide frequency 
range at the low power output condition. The data of Figures 8 and 10 which 
relate to the high power output condition, also support the general conclusion 
that the tower leg treatments are relatively Ineffective. 


Multiple Machines 

The opportunity was taken to operate some of the machines selectively in 
order to determine the manner in which their sound fields Interacted. The 
results of these tests are presented in Figures 11-14. 

Figure 11 contains Instantaneous sound pressure time histories at a 
distance of about 91 m for one, two and three machines for comparison. The 
data for one machine indicates a rather orderly time sequence of blade passage 
peaks but with considerable variation in the peak pressure values. As more 
machines are added the pressure peaks become more numerous and less orderly and 
their maximum value Increases. Based on theoretical considerations the maximum 


value for elnultaneoue cperatlon of identical nachlnea would vary frow one to 
three tines that for one nachine, depending on their Instantaneous phase 
relationships. The data of Figure 11 (c) are for exanple conditions 
Intemedlate between the extremes noted above and show a peak value Increase of 
about 50 percent. 

Corresponding one-third octave band data are given In Figure 12. It can 
be seen that the band levels increase generally as the number of nachlnes 
Increases. The Increases are larger, however, at the lower frequencies for 
which constructive interference seems to occur. 

Spectral data for larger groups of machines are presented In Figures 13 
and 14. The data of Figure 13 show differences In the spectra for two groups 
of machines having different blade confl.'^rations. The most pronounced 
difference is in the broad band noise peak near 2000 Hz. Both spectra have 
peaks but the lower peak Is associated with the treated blades. These results 
suggest that sharpening the outer portions of the blades to minimize the 
bluntness Is very beneficial In reducing the radiated high frequency 
"whistling" noise. 

Figure 14 shows narrow band spectra for the two operating conditions of 
Figure 13. Note that blade passage related components are present ac 
frequencies from about 20 Hz to 120 Hz as seen In Figures 7 and 8 for 
measurements close to single machines. Those components below about 20 Hz are 
apparently masked by wind noise In Figure 14. Although sons differences are 
noted In comparing Figure 14 (a) and (b) they <;re not believed to be 
significant. Thus treating the blades by sharpening the trailing edges does 
not seen to have a beneficial effect for that portion of the spectrum 
containing components related to blade passage. 
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noise estimates 

MMd ». th. *•« 

th. .«nd pr...«r. ta«U » . «*« “* 

I„c. «chin.., - th.y .r. pr«.n.l, Th. t..ul« .r. .h«m In 

Figures 15 through 17. 

Pl«nr. 15 pr.M«t. th. ..und pt..~t. l.«l. to th. o«-thltd 

O.MV. tand c.nt.t.d .t 31 H* fot wtloM nurt... of »chln... Thl. hMd «. 
chOMO h.t.uM it to t.pt....t th. p.* in th. 10 . fr.,n.nc pottton of 

tho ««.tm. «». It 1 . m ta. t»,. — r. hnlldl... ho-» otm.t.r.1 
ro.on.nc... Th. c.r«. t.pt.~« o.tl«t.d v.ln» - . fnnctl«. of dl.t«.c, 

,.r . .10,1. -chin. ,.n.r.tln, 60 dl h.»l pcMOt. l.v.1 .t 30 . «.d for othor 
„o.h.r co.hln.tlon. of .InlUt -chln« In Un.« Th. ..«-ptlon. «. 

.hot th. .onrc .t. non-dlr.ctlon.1, .pocln, Uon, th. .rr., 1. 26.6 . «0 
tr), dlotonc U MMutod porpondlcoUt to th. .rcy, th.ro 1. tMdo. p 
„p.r.tlon (donhlln. th. no-»r of »urc« lnct.«.. th. .ouod pr....r. 1.-.1 h, 
3 d> .t th. — dl.t«.c), »d th.ro 1. no ocophorlc ottonontloo. Although 
th. -»ur.-nt. indlcot. «rl.hllltp. th... dot. folic Ih. g.n.r.1 trond. of 
th. prodlctlono. lUod l.«U rongln, fro. ohout 60 d» do« to 36 dB or. 
o.p.ct.d » dUtonc lncr.«. fto. 30 to 3000 -tor. fro. . -Ulpl. 

Sl.ll.r 0 .tl«t« ho« ho» -d. in fip.r. 16 for A-.cl. ..luo. «hlch or. 
hollound to h. olr.lflc.nt fro. th. .t»d point of co-unit, rMponoo. Th. 
.ur,« in thl. «- or. h..- «. » A-ocnl. l.«l of 55 d. ot 30 . nnd « 
,t«.ph.rlc ott.nu.tlon of 6.5 d. p.t 1000 -torn. Th... lo«l. «t, fro. 
ohout 55 dB do» to 30 dB(A) in th. ton,, of dlotonc- fto. 30 . to 1500 . 


respectively. 
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Based on the results of Figure 16 » a faally of "A">«eighted sound pressure 
level contours has been estlaated for the U* S. Wlndpover Inc. site near 
Llveraore , Ca. , and these are superposed on the site asp In Figure 17 • Contour 
lines are shoun for 50* 40 and 30 dB(A) levels. For conditions of wind 
velocity of 13 - 20 mph and an array of 14 aachinest the observed detection 
threshold was at a distance of 1160 aeters» end was located between the 40 
dB(A) and the 30 dB(A) contours. For these listening conditions, the aachlne 
noise levels are coaparable to the ambient noise levels with alniaua wind at 
the observer, and the observer senses the aachlne noise only intermittently. 

CONCLUDING REMARKS 

The noise characteristics of tha U. S. Vindpower Inc., 50 ks wind turbine 
generator have been aeasured at various distances froa 30 a to 1100 a and for a 
range of output power. The generated noise is affected by the aerodynamic 
wakes of the tower legs at frequencies below about 120 Hs and the blade 
trailing edge thickness at frequencies of about 2 kHa. Rope strokes and 
airfoil fairings on the legs did not result in significant noise reductions. 
Sharpening the blade trailing edges near the tip wee effective in reducing 
broad band noise near 2 kHs. 

For aniltlple aachines the sound fields are superposed. A three->fold 
Increase in the ouaber of machines (froa 1 to 3) results in e predicted 
increase in the sound pressure level of about 5 dB. The detection threshold 
for 14 aachines operating in a 13 * 20 aph wind is observed to be at 
approxiaetely 1160 a in the downwind direction. 
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(a) Standard (untreated) machine 


Sound 

pressure 

level, 

dB 



(b) Treated with rope strakes 


(c) Treated with fairings 


Frequency, Hz 


Figure 7.> Comperleon of Sound Spectra (0.25 Ha Bandwidth) at a Diatance of 30.5 ■ 
Downwind for Low Wind Conditlona'and a Nominal Power Output of 5 kw. 








xlsoas of the One-Third Octave Band Sound Spectra for Modified and 
ified Machinea at a Distance of 30.5 m Downwind for Power Outputs 










Figure 12.- Coaperisons of the Ooe-Thlrd Octsve Band Sound Soectra for Multiple 
Machlnea at a Distance of 91.4 a Downwind for Power Outputs of about 
25 lew per Machine. 



10 Machines with standard blades 
downwind at 238 m 
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(a) 10 Bfachines with standard bla^s 
downwind at 238 m 
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(b) 14 Machines with treated blades 
downwind at 320 m 
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Figure lA.- 


Narrow Band Spactra (0.25 Ha) for Kultipla Hachlnaa In tha Far 
Acouatic Field. Data are for a Koalnal Power Output of 25 kw 
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.Estiaatcd A-^Level Noise Contours for U. S. Uindpower Inc.> Wind 
Energy Pam Near Llveraore, Ca. Contour Nusbers are In ft. 




